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The MS2 Coat Protein Shell is Likely Assembled Under
Tension: A Novel Role for the MS2 Bacteriophage A
Protein as Revealed by Small-angle Neutron Scattering
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Recombinant forms of the bacteriophage MS2 and its RNA-free (empty)
MS2 capsid were analyzed in solution to determine if RNA content and/or
the A (or maturation) protein play a role in the global arrangement of the
virus protein shell. Analysis of the (coat) protein shell of recombinant
versions of MS2 that lack the A protein revealed dramatic differences
compared to wild-type MS2 in solution. Specifically, A protein-deficient
virus particles form a protein shell of between 31(G1) Å and 37(G1) Å.
This is considerably thicker than the protein shell formed by either the
wild-type MS2 or the RNA-free MS2 capsid, whose protein shells have a
thickness of 21(G1) Å and 25(G1) Å, respectively. Since the A protein is
known to separate from the intact MS2 protein shell after infection, the thin
shell form of MS2 represents the pre-infection state, while the post-
infection state is thick. Interestingly, these A protein-dependent differences
in the virus protein shell are not seen using crystallography, as the
crystallization process seems to artificially compact the wild-type MS2
virion. Furthermore, when the A protein is absent from the virus shell
(post-infection), the process of crystallization exerts sufficient force to
convert the protein shell from the post-infection (thick) state to the pre-
infection (thin) conformation. In summary, the data are consistent with the
idea that RNA content or amount does not affect the structure of the MS2
virus shell. Rather, the A protein influences the global arrangement of the
virus coat dramatically, possibly by mediating the storage of energy or
tension within the protein shell during virus assembly. This tension may
later be used to eject the MS2 genomic RNA and A protein fragments into
the host during infection.
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Introduction

MS2 is a small enteric RNA bacteriophage that
belongs to the family Leviviridae, which infects FC
(male) Escherichia coli. Bacteriophage MS2 is an ideal
model system for the study of many macromolecu-
lar processes but is especially well-suited for the
study of virus structure and assembly. The infective
MS2 virion is composed of a coat protein (MrZ
13,700), a maturation (or A) protein (MrZ44,000)
and a single-stranded molecule of RNA. The coat
protein is the major component of the MS2 protein
shell. In solution, the MS2 coat protein has been
shown to form a homodimer. In all, 90 coat protein
homodimers, in conjunction with a single A protein
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molecule, assemble to form the 275 Å MS2 virus
(coat) protein shell.1 The three-dimensional X-ray
crystal structures of the coat protein dimers, as well
as the complete MS2 virus, have been reported and
a great deal is known about their structures.2–5

The crystal structure of MS2 has revealed a
number of key features about the overall structure
of the coat protein shell. (1) The coat protein dimer
is the major subunit of virus assembly and can
adopt three possible quasi-equivalent conformers
(A, B, and C) in the formation of the MS2
icosahedral shell. (2) These conformers, although
very similar, vary primarily at the F-G b-strand loop
(F-G-loop). In the A and C subunits, which interact
at the quasi 6-fold axis, the FG loop is extended,
while in the B subunit it is folded back in the
direction of the protein at the 5-fold axis. (3) A
consequence of the interaction of the FG-loop is that
a hole or channel is created at both the 5-fold axis
and the quasi 6-fold axis; one of these channels may
be a site of RNA extrusion during infection.3–5

Crystallographic analysis of the MS2 virus could
not resolve the location of the A protein in the
structure of the MS2 protein shell.3–5 However,
chemical labeling and antibody-binding experi-
ments suggest that the A protein is at least partially
exposed on the capsid surface, which supports the
idea that the A protein comprises one of the vertices
of the MS2 icosahedral shell.6,7

The MS2 virion contains a 3569 nt positive-sense,
single-stranded RNA and its complete genomic
sequence has been reported.8 The genomic RNA
contains a number of structural motifs, mainly
stem–loop structures, which have been shown to act
as sites for the control of virus assembly and
translation.8–11 In particular, assembly of the MS2
virus coat has been shown to be catalyzed by
binding to a specific 19 nt stem–loop operator
sequence of the genomic RNA in vitro.1,12 In
addition to this function, the coat protein binds to
the MS2 operator site and acts as a transcriptional
repressor of the MS2 replicase cistron.1

In addition to MS2 coat protein–RNA interactions,
a number of lines of evidence point to tight
interactions between the A protein and the MS2
genomic RNA. First, in sedimentation experiments,
differentially radiolabeled A protein and genomic
RNA are known to be co-sedimented selec-
tively, forming a peak in the same part of the
gradient.13,14 Secondly, RNAse protection and
competition binding experiments indicate that the
MS2 RNA is bound tightly by the A protein at its 50

and 30 ends.15 Thirdly, this tight association between
the genomic RNA and the A protein has been shown
to be important for RNA packing in vivo. Mutant
viruses that lack the A protein contain loosely
packed RNA that protrudes from the protein shell
and then becomes degraded by nucleases in the
medium.16,17

Recent cryo-EM analysis of the MS2 virus reveals
a network of RNA bound to the inner surface of the
protein shell, which forms an icosahedron with
RNA-free holes at the 5-fold axis and the quasi
6-fold axis. This ordered RNA, which is thought to
represent only a subset of the genomic RNA, is
presumably attached to the coat protein dimers via
RNA stem–loop motifs.18

This intimate association between the RNA and
the protein shell, as well as the interactions between
the RNA and the A protein, suggest the possibility
of a link between RNA packing and the global
packing arrangement of the final virus protein shell.
This study seeks to determine if the A protein or the
RNA content influences the overall packing
arrangement of the MS2 protein shell, using small-
angle neutron scattering (SANS) and the contrast
variation technique.

In SANS experiments, samples are exposed to
neutrons in solution and the resulting scattering
pattern is used to determine the average size,
shape, molecular mass and orientation of the
sample.19,20 For complex macromolecular struc-
tures like viruses, SANS can be combined with the
contrast variation technique to gain structural
information about the protein, nucleic acid and
lipid components separately.20,21 Since the contrast
variation technique simply involves varying the
ratio of solvent to deuterated water, biological
samples are analyzed under physiological
conditions and the data obtained can reveal in situ
structural information.19,21,22

Analysis of SANS data typically occurs in three
steps. (1) The SANS scattering pattern of the protein
or complex is determined experimentally and the
data are compared or “fit” to a number of different
idealized shapes until a shape is found that best
describes the experimental structure seen in sol-
ution.22,23 (2) If a crystal structure of the protein or
complex is known, it is used as a starting point for
the model solution structure. This is useful, because
crystal structures provide structural information of
higher resolution than SANS. The crystal structure
coordinates are used to generate model SANS
data.24 (3) Finally, both the measured experimental
SANS data and the model SANS data generated
from the crystal structure are compared to the best
real-space physical model (from step (1)) that
describes the shape and other dimensions of the
structure.22 This sequence of analysis of SANS
data is often especially powerful in allowing in situ
comparisons of very similar structures.25–27

Examination of the structure of the MS2 virus is
made particularly amenable to SANS analysis
because the wild-type and a variety of mutant
versions of MS2 viruses have been described
genetically,28,29 and high-resolution crystal struc-
tures of mutant and wild-type MS2 viruses are
available.3,4,30–32 Additionally, it is now possible to
generate recombinant forms of MS2 that lack the A
protein and contain various amounts of RNA.33–35 It
is possible to create RNA-free versions of MS2,
called MS2 capsids.29,36,37 Furthermore, a recent
experimental analysis of the wild-type MS2 virus
using SANS and small-angle X-ray scattering
(SAXS) has been reported, and a model of its
physical structure in solution has been described.38,39
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To better understand the influence of RNA and
the A protein on protein shell arrangement in vivo,
we present the use of SANS and the contrast
variation technique to solve the structures in
solution of the (coat) protein shell component of
two types of MS2 viruses: (a) wild-type MS2 (WT
MS2) containing coat protein, A protein and RNA;
and (b) two recombinant forms of MS2 virus lacking
the A protein but containing various amounts of
RNA, (MS2-HCV and MS2-l). In addition, empty
capsids (MS2-capsid), containing coat protein and
A protein, but lacking RNA, were measured for
comparison to the protein shell structures of the
above-mentioned samples.
Results

RNA content does not affect the packing
arrangement of the MS2 protein shell

The effect of RNA content on the overall packing
arrangement of the MS2 (coat) protein shell was
analyzed by comparing the structures of the wild-
type MS2 protein shell with that of its RNA-free
capsid. The quality of the WT MS2 and MS2-capsid
samples used for these studies were analyzed by
SDS/PAGE. The results are shown in Figure 1 and a
complete strain list is given in Table 1. Notice that
all samples are free of contaminants, and that the A
protein is visible in the empty MS2-capsid sample
as well as in the wild-type MS2 virion. The presence
of the A protein in the MS2 empty capsids was
surprising, given the fact that the MS2 genomic
RNA and A protein have been shown to be bound
tightly at the 5 0 and 3 0 ends,15 and the MS2 capsids
were purified under conditions that selectively
precipitated the RNA (and presumably the A
protein) from the MS2 virus coat protein prior to
permitting the coat proteins to reassemble into
capsids. Since these MS2 capsids were generated
in vitro, we first sought to determine if the structure
of the MS2-capsid coat protein shell was similar to
that of WT MS2.

Figure 2 shows the measured SANS data for the
MS2-capsid sample, as well as for, selectively, the
protein component of the WT MS2 protein shell. The
scattering from the WT MS2 protein shell was
separated from that of its RNA component using
the contrast variation technique, as described.38

MS2-capsid was measured in 100% 2H2O TSM buffer
(see Materials and Methods). Note that the locations
of the peaks in the scattered intensity are the same, at
approximately QZ0.03 ÅK1, QZ0.06 ÅK1 and QZ
0.09 ÅK1 in both cases. This indicates that the
scattering from WT MS2 and the MS2-capsid protein
shells essentially arise from structures that are very
similar. On the other hand, the peak intensities differ
somewhat, with those of the MS2-capsid sample
being less intense. This is likely due to more
polydispersity in the empty MS2-capsid sample as
compared to the WT MS2 protein shell.

The existence of polydispersity can be deter-
mined by calculating the molecular mass (M) of the
MS2-capsid sample from the forward scattered
intensity, I(0), using equation (2) (see Materials
and Methods). Both the radius of gyration, Rg, and
I(0) can be obtained from the data by two methods.
Guinier fits can be made to the data, using only the
lowest Q data points. On the other hand, Rg and I(0)
are also deduced from the calculation of the
distance distribution function, P(r), which makes
use of all of the data points, as explained in
Materials and Methods. As such, the Rg and I(0)
values obtained from P(r) are less influenced by
aggregation effects, but more influenced by smaller
particles that may be present in the sample. Thus, by
comparing the Rg and I(0) values obtained by both
methods, the existence of aggregation or dis-
sociation in the sample can sometimes be discerned.
Figure 1. Results from denatur-
ing SDS/PAGE. Lanes 1 and 7
contain molecular mass markers.
Lanes 2 and 3 contain empty MS2-
capsid. Lanes 4–6 and 8–10 contain
dilutions of the WT MS2 virus.



Table 1. List of compared structures for various MS2 and related virus strains

Genotype

A protein Coat protein RNA Description Reference

A. Measured data
MS2 C C C WT phage MS2 ATCC strain 15597-B1
MS2-capsid C C K MS2/empty capsid This work
MS2-HCV K C C* MS2/RNA fragment 33
MS2-l K C C* MS2/RNA fragment Ambion, personal

communication
B. Model data PDB ID
2MS2 (I) C C C WT phage MS2 3
1BMS K C* K MS2/coat protein

mutation P78N
30

1MST K C* K MS2/coat protein
mutation E76D

30

1ZDI K C C* MS2/RNA fragment 31
1ZDH K C C* MS2/RNA fragment 31
1FRS (I) K C K Phage fr 32
1FR5 K C* K Phage fr/4 aa coat protein

deletion
44

1GAV (II) C C C WT phage GA 40
1QBE (III) C C C WT phage QB 41

C*, Present but mutant or recombinant. The virus family Leviviridae is divided into four groups I, II, III, and IV. MS2 (and fr), Qb and
GA are members of groups I–III, respectively. No group IV family member has been crystallized to date.
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Guinier fits to the MS2-capsid data resulted in
RgZ130(G3) Å and I(0)Z1.3(G0.1) cmK1. The
same parameters were determined from the P(r)
calculation, using Dmax values between 280 Å and
320 Å, resulting in RgZ123(G2) Å and I(0)Z1.28(G
0.06) cmK1. Using a value of I(0) w1.3 cmK1, the M
value for the MS2-capsid sample was calculated to
be 2.7 (G0.4)!106 g/mol, as shown in Table 2. This
is in good agreement with the expected value of
2.5!106 g/mol, indicating that the MS2-capsids are
essentially intact, containing 180 copies of the coat
protein. This suggests that the polydispersity in the
sample is not due to incomplete capsid formation.
Rather, it might be caused by the existence of free
Figure 2. Measured SANS data for the WT MS2 protein
shell (open squares) and MS2-capsid (filled circles).
coat protein dimers in solution. The low value of M
for these dimers, compared to that of the capsid
particles, means that their existence would have
little effect on I(0). The existence of free dimers
would also have little effect on the Rg value of the
MS2-capsid sample if only the low Q data points are
used, such as in the Guinier analysis. However, the
effect of these free dimers is seen by a decrease in Rg

when all of the data points are used in the
calculation of P(r). Table 2 shows the calculated M
for the protein shell component of WT MS2,
determined from our earlier SANS studies,38 to be
2.5 (G0.3)!106 g/mol. Note that the uncertainties
in the M determinations for both the MS2-capsid
and WT MS2 protein shell are too large to ascertain
Table 2. Molecular mass determinations

Concentration
(mg/ml)

Mass den-
sity (g/cm3)

M (!106

g/mol)

WT MS2
A-plus protein
shell

2.0G0.1 1.38G0.01 2.5G0.3

MS2-capsid A-plus
protein

0.55G0.05 1.32G0.02 2.7G0.4

MS2-HCV
A-minus protein
shell

0.55G0.03 1.36G0.02 2.1G0.2

MS2-l
A-minus protein
shell

0.65G0.03 1.37G0.02 –

Errors on the concentration and mass density are standard
deviations of the mean. The M value for the MS2-capsid sample
was obtained from equation (2), using DrZ3.0!1010 cmK2. The
M values for WT MS2 and MS2-HCV are MPROT values from
equation (5), using independent number densities measured by
the Integrated Virus Detection System.38 Since independent
number density measurements are not available for MS2-l,
MPROT cannot be determined in this case.



Figure 4. Model SANS data (open squares) for the MS2
protein shell obtained from X-ray crystallography
coordinates (2MS2).3 The continuous line represents the
best fit core-shell model structure.

Table 3. Core-shell model fit parameters

R1 (Å) R2 (Å) t (Å)
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whether the A protein is present in the sample. That
determination was made from SDS-PAGE results,
as explained above.

The shape of the structure that MS2 particles form
in solution has been described using SANS.38 The
shape of an MS2 particle can be approximated very
well by a spherical shell, with inner radius, R1, outer
radius, R2, and shell thickness, t, where t is equal to
R2KR1. This shape is generally known as a core-shell
model.23 To compare the shape of the structures
formed by the MS2-capsid protein shell with that of
the wild-type MS2 in solution, the MS2-capsid SANS
data were also fit to the core-shell model. The MS2-
capsid SANS data are shown again in Figure 3, along
with the best fit to a core-shell model structure.
Because these are experimental data, the resolution
of the SANS instrument was taken into account in
the fitting process. Figure 3 indicates that the shape
of the structures formed by the MS2-capsid protein
shell also fits the core-shell model. Therefore, wild-
type MS2 and RNA-free MS2-capsid protein shell
both form structures in solution that are best
described by the core-shell model.

For comparison, a similar fit was performed to a
modeled SANS intensity calculated from the
published crystal structure of wild-type MS2
(2MS2).3 Recall that crystal structure data can be
used to derive model SANS solution data. That is,
the MS2 crystal structure can essentially be
“hydrated” so that its structure in solution can be
inferred. The modeled WT MS2 SANS curve and
corresponding best fit to the core-shell model are
shown in Figure 4. Instrumental resolution effects
are not taken into account in this case, since the
modeled SANS data are calculated assuming
perfect resolution under idealized conditions and,
thus, the peaks in the model data are sharper than
in the experimental data. It is clear from Figure 4
that the structures formed by the crystal structure-
Figure 3. MS2-Capsid in 100% 2H2O buffer (open
squares). The continuous line is the best fit core-shell
model structure, taking into account instrument resol-
ution effects.
derived modeled wild-type MS2 data (2MS2) are
also well described by the core-shell model.

The resulting fit parameters, which describe the
dimensions of the core-shell model structures, are
shown in Table 3. The experimental MS2-capsid
and WT MS2 protein shell results are listed as MS2-
capsid A-plus protein shell and WT MS2 A-plus
protein shell under Measured data. The crystal
A. Measured data
WT MS2 A-plus protein shell 115G1 136G1 21G1
MS2-capsid A-plus protein
shell

115G1 140G2 25G1

MS2-HCV A-minus protein
shell

105G2 135G1 31G1

MS2-l A-minus protein shell 101G1 136G1 37G1

B. Model data
2MS2 111G1 130G1 19G1
1BMS 111G1 130G1 19G1
1MST 111G1 131G1 20G1
1FR5 111G1 131G1 20G1
1FRS 111G1 130G1 19G1
1ZDI 111G1 130G1 19G1
1ZDH 111G1 131G1 20G1
1QBE 117G1 136G1 19G1

The measured data values are determined by SANS empirically
in solution. The model data values are determined from model
SANS data derived from crystal structures. Both sets of data are
fit to the same core-shell model. Instrument resolution effects are
taken into account for the measured data values. Data for the
MS2-capsid were obtained in 100% 2H2O buffer. Errors are
standard deviations of the mean for several equally good fits to
the data. Data for the WT MS2, MS2-HCV and MS2-l protein
shell were obtained using the contrast variation technique.38

Errors are standard deviations of the mean for fits to the data at
several different contrasts.



Figure 5. Measured SANS data for the WT MS2 protein
shell (open squares) and MS2-HCV protein shell (filled
circles).
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structure derived results are listed as 2MS2 under
Model data. The parameters obtained from the
model crystal structure derived data (2MS2) indi-
cate that the protein shell has a core (or inner)
radius (R1) of 111(G1) Å, an overall (outer) radius
(R2) of 130(G1) Å and a thickness (t) of 19(G1) Å.
Note that the virus core was assumed to have 100%
water for the fit to the model crystal structure-
derived wild-type MS2 (2MS2) data. The exper-
imental WT MS2 protein shell has R1Z115(G1) Å,
R2Z136(G1) Å, and tZ21(G1) Å in solution. The
RNA-free MS2-capsid protein shell has R1Z115(G
1) Å, R2Z140(G2) Å and tZ25(G1) Å. The 4 Å
difference in the shell thickness between the WT
MS2 protein shell and MS2-capsid represents a
difference in shell thickness of 10–20%. Compared
to the 4 Å difference in total radius of these two
samples (2.9–3%), the difference in shell thickness is
more significant. Since the shell thickness par-
ameter is determined more by the shape of the
peaks in Figure 2, rather than their Q-value, this
difference in thickness may be an artifact of the
polydispersity in the MS2-capsid sample, as
described above.

Although, the shape of the crystal structure-
derived (model) wild-type MS2 SANS data also fit a
core shell model, the predicted dimensions of the
protein shell vary somewhat from the wild-type
MS2 crystal structure-derived SANS data vary
somewhat from that of the wild-type MS2 and
MS2-capsid protein shell measured in solution.
From the crystal structure-derived wild-type MS2
data, the protein shell of MS2 in solution would be
predicted to have an inner radius (R1) of 111(G1) Å
and outer radius (R2) of 130(G1) Å. These values
are somewhat smaller than an R1 value of 115(G
1) Å and an R2 value between 136 Å and 140 Å
measured for the protein shell of WT MS2 and MS2-
capsid, respectively, in solution. These data indicate
that the model (crystal structure-derived) MS2
structures are reduced in size compared to the
experimentally measured WT MS2 and MS2-capsid
structures in solution, although this difference is
only at the 3% level. However, the thickness (tZ
19(G1) Å) of the protein shell, based on crystal
structure-derived SANS data for MS2, is in good
agreement with the thickness of the WT MS2 and
MS2-capsid protein shells measured in solution.

The core-shell model fit to the measured MS2-
capsid SANS data was also used to estimate the
amount of RNA in the capsid core, using equation
(6) as described in Materials and Methods. The fitted
scattering length density (SLD), which is defined as
the sum of the neutron-scattering lengths of all the
atoms in the molecule divided by the total volume of
the molecule, of the virus core is 6.1!10K6 ÅK2 G
0.1!10K6 ÅK2. When compared to the SLD for
100% 2H2O buffer, 6.4!10K6 ÅK2, this suggests that
the MS2-capsid core contains 96(G1) % water. Thus,
at the resolution of SANS, the measured MS2-capsid
sample is essentially free of RNA, as expected. This
result is in agreement with that obtained from SAXS
measurements of MS2-capsid.39
In summary, the core-shell model describes the
shape of the structures formed in solution by the
wild-type MS2 virus and its empty MS2 capsid.
Using the core-shell model, the dimensions of the
wild-type MS2 and empty MS2-capsid protein
shells (in solution) are found to be virtually
indistinguishable at the resolution of SANS. The
overall shape of the crystal structure-derived model
MS2 SANS data also can be fit to the core shell
model, but with dimensions slightly different from
those of the WT MS2 virus and MS2-capsid found in
solution. Finally, it was confirmed that the MS2-
capsid sample forms a coat protein shell like that of
the wild-type MS2, except that it is essentially RNA-
free with a virus core composed of 96(G1)% water.
The fact that the structure of the MS2-capsid and
WT MS2 protein shell do not differ significantly
indicates that RNA content has no detectable effect
on the dimensions or packing arrangement of the
protein shell of the MS2 virus in solution.
The A protein affects the MS2 protein shell
arrangement

As the RNA content does not affect the protein
shell packing arrangement of MS2, we next
analyzed the influence of the A protein on MS2
protein shell structure. Two recombinant forms of
MS2 that lack the A protein, MS2-HCV and MS2-l,
were examined using SANS. Figure 5 shows the
measured SANS data for wild-type MS2 protein
shell, as well as that from the protein shell
component of the MS2-HCV recombinant virus.
Again, the scattering from the protein shell was
separated from that of the MS2-HCV RNA core
using the contrast variation technique, as
described.38 Note that, unlike the case of the MS2-
capsid, the locations of the peaks in the scattered
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intensity are not the same for the wild-type MS2
and the MS2-HCV protein shell components. This
indicates that the scattering arises from structures
that are different. A similar result was found for the
protein shell component of the MS2-l recombinant
virus (data not shown).

The parameters obtained from the fits to the core-
shell model, which are measures of the dimensions
of the MS2-HCV and MS2-l protein components,
are given in Table 3 as MS2-HCV A-minus protein
shell” and “MS2-l A-minus protein shell”, respect-
ively, under Measured data. The results show a core
radius of R1Z105(G2) Å and a protein shell
thickness of tZ31(G1) Å for the MS2-HCV sample.
For MS2-l, the results are R1Z101(G1) Å and tZ
37(G1) Å. Table 2 shows the calculated M for the
protein shell component of MS2-HCV, determined
from equation (5) to be 2.1(G0.2)!106 g/mol. This
result is in good agreement with the M values of
both the WT MS2 protein shell component and the
MS2-capsid sample. Again, the uncertainty in the M
determination for both the MS2-HCV protein shell
is too large to ascertain whether the A protein is
present in the sample. That determination was
made from the SDS-PAGE results.

When compared to the values obtained for the
MS2-capsid and WT MS2 protein shell, it is clear
that the protein shell is thicker for the MS2-HCV
and MS2-l viruses, while the overall radius, R2, of
all the viruses are the same in solution. Another
way to illustrate this difference in protein shell
thickness (Figure 6) is by plotting the distance
distribution functions, P(r), for the wild-type MS2
protein shell and the MS2-HCV and MS2-l protein
shells. P(r) gives a real space representation of the
SANS data as a function of radial distance, r, in the
molecule. The P(r) function is essentially a histo-
Figure 6. Distance distribution functions, P(r), for the
WT MS2 protein shell (open squares), MS2-HCV protein
shell (filled circles) and MS2-l protein shell (stars).
gram of the distances between all possible pairs of
points in the molecule, and it indicates the
probability that a certain distance between two
pairs of points in the molecule will occur. For
instance, the P(r) function for a solid sphere would
be symmetric with a peak at the distance, r, that
represents its radius. On the other hand, a hollow
sphere with a thin shell has no mass in the core. All
of the mass lies in the shell and there is a very low
probability that there are distances represented by
two points in the interior of the particle. Therefore,
P(r) would be asymmetric with a peak at rZR1C
t/2, Thus, the P(r) function provides a more
intuitive representation of the shape of the scatter-
ing particles than does the scattered intensity,
I(Q).22

The most probable pair correlation distance for
the WT MS2 protein shell occurs at a value of
approximately 200 Å (Figure 6). The most prob-
able distances for the protein shells of the
recombinant viruses occur at much lower values,
at approximately 150 Å and 170 Å for the MS2-l
and MS2-HCV cases, respectively. The distri-
bution of the protein shell is also broader for
the recombinant viruses. While there are also
some differences in P(r) for r values below 50 Å,
these correspond to the higher Q region of the
data (QR0.12 ÅK1), where subtle differences in
background subtraction might change P(r). Thus,
the observed differences in P(r) between MS2-
HCV and MS2-l in this region are likely not real.

These results indicate that, in general, the MS2-
HCV and MS2-l particles form a shape in solution
that can be described by the core-shell model. The
core-shell model structure formed is not exactly like
that of the (A protein-containing) WT MS2 and
MS2-capsid particles. MS2-HCV and MS2-l form
particles of approximately the same size or
outer radius (R2 between 135(G1) Å and 136(G
1) Å) as compared to the size of the WT MS and
MS2-capsid particles, which are 136(G1) Å and
140(G2) Å, respectively. However, the inner radius
(R1) of the MS2-HCV and MS2-l is significantly
smaller than the WT MS2 or MS2-capsid particles.
Since the thickness (t) of the protein shell is defined
as the size or outer radius (R2) minus the inner
radius (R1), the maintanence of overall size with a
decreased inner radius results in particles with a
protein shell of greater thickness. In this case, the
thickness of the protein shell of MS2-HCV and
MS2-l is 31(G1) Å and 37(G1) Å, respectively. This
is considerably thicker than the protein shell
formed by either the WT MS2 or the MS2-capsid,
whose protein shells have thickness of 21(G1) Å
and 25(G1) Å, respectively. The recombinant
viruses (MS2-HCV and MS2-l) differ from the
wild-type MS2 and MS2-capsid samples in one
significant respect: the recombinant viruses lack the
A protein, while the WT MS2 and MS2-capsid
viruses contain the A protein. Therefore, these
results are consistent with the idea that the A
protein plays a role in the structural arrangement of
the MS2 protein shell.
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Crystal structure data do not reveal the A
protein-dependent protein shell rearrangement
seen by SANS

To determine if the A protein-dependent protein
shell rearrangements observed by SANS in solution
can be seen using other methods, we examined the
known X-ray crystal structures of a number of
different MS2-related viruses and mutants, and
then converted the crystal structure data into model
(or simulated) SANS data as described (see
Introduction).38 The results from the core-shell
model fitting of the model data for these viruses
are presented in Table 3, under Model data. The
crystal structure-derived model SANS data for
wild-type MS2, GA and Qb viruses and the capsids
of fr virus are labeled according to Protein Data
Bank identification (PDB ID) designations as 2MS2,
1GAV, 1QBE, 1FRS and 1FR5, respectively.3,32,40,41

GA, Qb, and fR, like bacteriophage MS2, are
members of the Leviviridae family of viruses.1

1BMS and 1MST are versions of MS2 that contain
point mutations in the coat protein subunits in the
region thought to be involved in quasi-equivalent
interactions necessary for virus assembly.42,43 In
particular, 1BMS has been shown to contain a
mutation in a conserved proline residue that is
thought to interact with the A protein.42 1ZDI and
1ZDH are versions of MS2 that lack the A protein,31

and are most like the recombinant MS2 particles
(MS2-HCV and MS2-l) when RNA content is
ignored. Both 1FRS and 1FR5 are A protein-
deficient, RNA-free capsid versions of the FR
virus.32,44 However, 1FR5 contains a four amino
acid residue deletion in the coat protein in the FG
b-loop region thought to generate the quasi-
equivalent interactions necessary for virus
assembly, while the 1FRS coat protein sequence is
wild-type.32,44 The crystal structure of the wild-type
FR virus has not been reported.

Notice that all of the crystal structure-derived
model SANS results are essentially in agreement
with each other, except for 1QBE, which is a larger
virus. However, note that the protein shell thickness
(t) of 1QBE matches that of the other crystal
structures as well. Table 1 gives the genotype
information for the viruses that are compared in
Table 3. It can be seen from Table 1 that, with the
exception of the wild-type viruses (2MS2, 1GAV
and 1QBE), all of the other structures were formed
in the absence of the A protein. Yet, Table 3 shows
no significant difference in the radii (R1 and R2) or
thicknesses (t) for all of the viruses, with the
exception of 1QBE discussed above. Thus, it
appears that, at least as far as the crystal structures
are concerned, the A protein does not affect the
thickness of the coat protein shell. In fact, all of the
protein shell thicknesses are between 19 Å and
20 Å, even if the virus itself is larger than MS2
overall, as is the case with 1QBE, or if the virus
contains point mutations (1BMS and 1MST)
compared to wild-type versions of the viruses
(2MS2). In particular, the empty MS2 capsids
(1ZDI and 1ZDH) and empty FR capsids (1FRS
and 1FR5) that were formed in the absence of A
protein also produce the same result.

It is important to note that both the core (or
internal) radius (R1) and overall size (R2) differ
significantly between the wild-type MS2 particles
samples (WT MS2) measured in solution, when
compared to the modeled SANS data derived from
the crystal structure, 2MS2. For instance the inner
radius, R1 is 115(G1) Å for the wild-type MS2
sample in solution, whereas it is 111(G1) Å for the
2MS2 crystal structure. Similarly, the overall radius
(or size), R2, of the MS2 virus is 6 Å larger for the
WT MS2 sample in solution than that predicted
from the 2MS2 crystal structure. The crystallization
process itself appears to affect the virus structure,
having the net effect of compacting the virus, which
reduces its physical dimensions. Whether this is
due to crystal contacts or different solvent con-
ditions between the SANS solution studies and
those used for crystallization is not clear.

The fits to the core-shell model parameters in
Table 3 show that there is a difference between the
solution structures of the viruses that contain the A
protein and those that do not. In particular, the
viruses that do not contain the A protein (MS2-HCV
and MS2-l) have thicker protein shells, t, while still
maintaining approximately the same overall radius,
R2, as those viruses containing the A protein. These
differences are clear also from Figures 5 and 6

To illustrate this difference further, Figure 7(a)
shows cross-sectional views of the 2MS2 structure
obtained from X-ray crystallography (red lines),
along with the low-resolution core-shell model
spherical structure for the protein shell obtained
from SANS for the WT MS2 sample (blue circles). It
is clear from Figure 7(a) that the shape of the protein
shell of WT MS2 in solution is approximated well
by the core-shell model. However, the outer radius
of the WT MS2 core-shell (SANS) model structure is
somewhat larger than that of the 2MS2 crystal
structure, except for a few loops of the 2MS2
structure that protrude beyond the boundaries of
the WT MS2 spherical shell. Also, in general, the
inner radius of the WT MS2 core-shell model
structure is larger than that of 2MS2, with a large
number of loops extending inward beyond the
boundaries of the inner radius of the WT MS2
spherical shell. These results are in agreement with
the smaller R1 and R2 values found in Table 3 for the
2MS2 crystal-derived model structure, as compared
with the WT MS2 solution structure.

Figure 7(b) shows cross-sectional views of the
core-shell model spherical structures for the protein
shells obtained from SANS for both the WT MS2
(blue circles) and the MS2-HCV (green circles)
samples. The MS2-HCV spherical shell is clearly
thicker than the wild-type MS2 protein shell. While
the outer shell boundaries of both models are the
same, the MS2-HCV spherical shell extends inward
beyond the inner boundary of the wild-type MS2
spherical shell. Thus, while the protein shell of MS2-
HCV is thicker than that of the WT MS2 protein



Figure 7. Cross-section view of the core-shell models
using the best fit model parameters in Table 3. (a) WT MS2
protein shell (blue) derived from SANS compared to the
crystal structure 2MS2 (red). (b) WT MS2 protein shell
(blue) compared to MS2-HCV protein shell (green), both
derived from SANS.
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shell, the overall size of the viruses is approximately
the same.

This difference in protein shell arrangement is not
seen in the crystal structures. This might explain
why the change in thickness or organization of the
protein shell in the absence of the A protein
observed by SANS in solution is not seen in the
crystal-derived structures (1ZDI and 1ZDH), which
are analogous to the MS2-HCV and MS2-l viruses
used in this study.
Discussion

An ideal or perfect icosahedron would contain no
more than 60 identical subunits to achieve perfect
symmetry. The quasi-equivalence theory explains
how viruses can produce icosahedral protein shells
of various sizes by simply producing more copies
of a single protein subunit without the need
for additional genetic material.45 According to this
model, only certain arrangements of subunits will
lead to closed low-energy icosahedral structures.
These arrangements are defined by the triangu-
lation number T, where TZ1,3,4,7, etc. produce
virus protein shells made of 60, 180, 240, etc.
subunits.45

MS2 virus, like a number of small RNA viruses,
forms an icosahedral protein shell from 180
identical subunits plus a single A protein. X-ray
crystallographic analysis of the MS2 virus suggests
that FG b-loops of the coat protein subunits are
capable of the quasi-equivalent interactions necess-
ary for the formation of the MS2 protein shell.3 The
role of the A protein in the structure of the MS2
protein shell is not entirely clear. The A protein is,
for practical purposes, an extra structural com-
ponent for which there are few theories to explain
either its structural positioning or biological func-
tion in the structural assembly of the virus coat.1,45

In general, what is known about the role of the
MS2 A protein has been determined primarily by
genetic analysis and labeling experiments.46 In the
intact MS2 virus, the A protein has been shown to
be required for host recognition of the F-C
pilus.13,46 Subsequent interaction between the A
protein and its Escherichia coli host leads to cleavage
of the A protein into two fragments during the
absorption step of infection. These A protein
fragments (which are tethered to the virus genomic
RNA) dissociate from the virus protein shell and
both the A protein fragments and RNA are injected
into the host cell.46 After infection, the MS2 protein
shell is left intact in solution but lacks RNA and A
protein.13,47 Sedimentation gradient analysis of
versions of MS2 containing mutations in the A
protein indicate that the A protein is also necessary
for RNA packing (or compaction within the
virion).16 MS2 viruses with mutations in the A
protein, in contrast to the wild-type MS2 virus,
contain RNA that dangles outside of the protein
shell and is sensitive to the action of nucleases.16,17

Therefore, with respect to the life-cycle of the MS2
virus coat protein shell, in its pre-infection state, the
protein shell contains the A protein, but post-
infection, the A protein is absent.

This study is the first to examine the contribution
of the A protein and RNA content on the global
packing arrangement of the MS2 virus coat in
solution. Specifically, this work examines the
structure of the protein shell of MS2 virus particles
that assembled spontaneously in the presence of A
protein (WT-MS2 and RNA-free MS2-capsid) and in
the absence of A protein (MS2-HCV and MS2-l) in
solution by SANS. First, we determined that RNA
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content does not effect the structure of the MS2
protein shell, as the solution structure of the A
protein containing RNA-free MS2-capsid particles
(MS2-capsid) particles are virtually indistinguish-
able from the WT MS2 protein shell. Secondly, we
analyzed the structure of MS2 virus particles
assembled in the presence of A protein (like the
WT MS2 pre-infection state) and the absence of A
protein (like the MS2 post-infection state). We found
a dramatic A protein-dependent difference in the
conformation of the MS2 virus protein shell
arrangement. Specifically, A protein-containing
MS2 protein shells have a thickness in solution of
between 21 Å and 25 Å, while versions of MS2 that
lack the A protein have considerably thicker shells,
with thickness of between 31 Å and 37 Å. Although,
the increase in thickness of A protein-deficient
protein shells was not associated with a change in
the overall size or diameter (R2) of the virus, the
internal radius (R1) of the virus was decreased
significantly.

These results, taken together, are the first to show
that the A protein contributes to the global
organization of the native structure of the MS2
protein shell. Our results are consistent with the
idea that this contribution is made first during
assembly. Since there is a large body of evidence
that MS2 virus assembly can occur in the absence of
the A protein, there are clearly many low-energy
packing arrangements that generate closed MS2
icosahedral viruses that are acceptable.29,36,37,44

However, the A protein may help the protein
subunits to selectively build the most biologically
relevant packing arrangement during the virus
assembly process. Despite the fact that the complete
genomic sequence of the A protein is known,10 and
the gene has been cloned successfully, a number of
factors have hampered efforts to solve the crystal
structure of the A protein. First, the level of A
protein is regulated tightly at the level of trans-
lation, so that very low levels of the protein are
made from its native transcript.48 Secondly,
although several purification protocols for the
isolation of the A protein have been reported, it is
still very difficult to isolate large quantities of the
protein, due to the fact that the protein is very
insoluble and adheres to a wide variety of
surfaces.49,50 The fact that the A protein has many
glue-like properties might provide insight into its
function.

During the assembly of the protein shell, the A
protein might act as a sticky scaffold or nucleator
that helps to confine the coat protein subunits to
choose a particular conformation that holds the
shell under tension. This tension may be stored in
the protein shell for use during the ejection step of
infection. At some time during or after A protein
cleavage, the virus protein shell may shift from the
thin (pre-infection) conformation to the thicker (A
minus post-infection) conformation. The result of
this conformational shift would be a decrease in the
internal radius of the virus protein shell perhaps
due to the repositioning of coat protein loops that
would help to force the RNA and attached
A protein out into the host. The data described
here are consistent with this model and the idea that
viruses are assembled under strain is not new.51

A detailed examination of the structure of the
MS2 protein shell using single-particle cryo-electron
microscopy (cryo-EM) and three-dimensional ico-
sahedral image reconstruction has been reported.18

In these studies, the structures of the wild-type MS2,
RNA-free capsid and RNA were analyzed and
compared to a number of different MS2 crystal
structures. The RNa-free capsids were generated by
heating the purified wild-type MS2 in the presence
of 20 mM Hepes (pH 8.4) and 50 mM NaCl in the
presence of RNase (a nuclease that degrades RNA).
This type of heat treatment has been shown to cause
the MS2 virus to expand, and the RNA to unfold
and dangle outside the virus coat and become
susceptible to nucleases.52 However, the A protein
has specifically been shown to remain attached to
the virus under these conditions.52,53 Just as in this
study, the authors of the cryo-EM work reported no
obvious difference between the structure of the coat
protein shell of the wild-type MS2 and the RNA-free
MS2 capsid, except those related to RNA content.
Therefore, the RNA-free capsids analyzed in the
cryo-EM studies are similar to the RNA-free MS2-
capsid samples used in this study. Both the WT MS2
and the A protein-containing, RNA-free MS2-
capsid samples should therefore be in the (thin)
pre-infection conformation.

The cryo-EM study noted the presence of a thin
icosahedral layer of RNA just below the surface of
the coat protein shell in the WT MS2 sample, which
leaves the 5-fold and quasi 6-fold holes RNA-free.18

A comparison of the cryo-EM images to the crystal
structure of a version of MS2 bound to an RNA
fragment containing the coat protein operator site
(PDB entry ZDI) confirmed that 10–20% of the
genomic RNA is bound to the coat protein dimers in
the same site as the coat protein operator RNA,
presumably via RNA stem–loop motifs.18 These
results suggest that cleavage of the A protein
mediates the conformational change in the coat
protein shell that is necessary for the release of the
icosahedral network of RNA that is attached to the
inner surface of the virus protein shell during early
stages of RNA ejection. The associated change in
internal radius of the virus due to the conformation
change of the coat protein loops may help to
catapult or squeeze the RNA and attached A
protein out of the virus. Although the amount of
energy needed for RNA injection for MS2 (or any
RNA virus to our knowledge) is not clear, it is
known how much energy is required to unfold 75%
of the genomic RNA and to cause an expansion of
the protein coat. The energy of activation for the
protein shell expansion is 85 kcal/mol.52 Therefore,
this value must reflect the order of magnitude of the
lower limit on the amount of energy needed for
some of the early steps of the RNA ejection process.

The idea that the energy necessary for nucleic
acid ejection is stored in the protein shell for use
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during viral infection is not commonplace. What is
known about nucleic acid ejection is based primar-
ily on studies using complex double-stranded DNA
viruses. Historically, inspired by the experiments
done by Hershey & Chase using the bacteriophage
T2, viruses were thought to inject their DNA into
their host in a syringe-like mechanism.54 Implicit to
this idea is that the DNA is packed under pressure
or tension, which is used for the rapid expulsion of
the nucleic acid. There seems to be substantial
evidence to support the idea that DNA is packed
tightly and, in some cases under pressure, within
the virus protein shell.55–57 This is perhaps only one
of many mechanisms that can effect nucleic acid
ejection. A growing body of evidence suggests that
the T7 virus DNA ejection step is mediated via a
multi-step process that includes the use of an
enzyme-like mechanism as well as transcription to
drive DNA translocation into its host.58–61 How-
ever, it is not clear if simple RNA viruses, like MS2,
employ any or all of these methods of nucleic acid
translocation. Nevertheless, the results reported
here suggest that perhaps energy stored during
the assembly of the virus protein shell might
provide some of the mode of force necessary for
simple RNA viruses like MS2 to mediate some of
the early stages of nucleic acid transfer. Further-
more, this work rules out the possibility that the
MS2 genomic RNA determines the overall virus
shell arrangement. Rather, our data are the first to
suggest that the A protein acts to effect global
structural rearrangement of the MS2 protein shell
during infection.

This SANS solution study reveals two general
types of phenomenon related to the structure of the
MS2 virus coat. The first, which was discussed
above, is related to the role of the A protein on the
organization of the virus coat and its implications
for virus assembly and RNA ejection. The second is
the differences observed between the crystal and
solution structures of MS2, both in the absence and
in the presence of the A protein, which is discussed
below.

Two observations were made with respect to the
relationship between the crystal and solution
structure of MS2 virus: (a) the dimensions of the
WT MS2 virus particle in crystalline form is smaller
than that measured in solution; and (b) the
structural differences seen in solution between A
protein-deficient MS2 protein shell and WT MS2 are
not seen in the crystal structure derived data.

In general, there is remarkably good agreement
between the overall shape and dimensions of
proteins measured using crystallographic and
solution scattering-based methods.62 What few
differences there are in the literature represent no
more than a 5–12% deviation between crystalline
and solution-based measurements such as in the
case of the xylanase enzyme from Trichoderma
longibrachiatum and E. coli asparaginase II.63,64 This
is the scale of difference (w5%) between the
dimensions of WT MS2 protein shell measured in
solution versus the crystal structure (with the crystal
structure measurements being smaller than the
solution).

However, an approximately 50% increase in the
thickness of virus protein shells that lack the A
protein compared to WT MS2 in solution is much
larger than these typical differences. Furthermore,
the observation that a difference of this magnitude
is not seen in similar samples when measured by
X-ray crystallography is reason for pause, because it
provides important information about the physical
properties of the virus shell. For instance, in the case
of immunoglobulin IgG molecules, the discrepan-
cies between the dimensions of the molecule, as
measured in the crystal structure and solution are
an exception to the above rule and are of the
magnitude seen in this study. The radius of
gyration, Rg (a measure of the size) of IgG molecules
based on the crystal structure is 46 Å, while in
solution Rg values range from 60–74 Å. This
represents a w30–50% difference.62 In general, this
difference is thought to occur because the IgG
molecules are very flexible. In solution, IgG
molecules are clearly extended. However, in the
crystalline state they are severely compacted.62

Like IgG molecules, the protein shell of versions
of MS2 that lack A protein are clearly thicker in
solution, but thinner after being crystallized. Taken
together, these results suggest that the native MS2
virus shell is somewhat flexible and, in the absence
of the A protein, this flexibility is enhanced.
Furthermore, in the absence of the A protein, the
transition between the thick (post-infection) and
thin (pre-infection) protein shell conformational
states can be reversible under crystallization
conditions.

A number of mechanisms might explain the
differences between solution and crystal structure
results described herein. The use of deuterated
water (2H2O) in the SANS experiments and crystal
contacts (packing effects) or solvation effects in the
crystallography experiments may alter the structure
of the MS2 coat protein shell. Deuterated water has
been shown to alter the in vitro properties of some
proteins by either increasing the conformational
stability of some proteins and/or by promoting the
assembly of macromolecular complexes. For
example, the polymerization of actin, flagellin,
and recA have all been shown to be promoted and
stabilized by 2H2O.65–67 Also, the analysis of tubulin
polymers using SANS, revealed that 2H2O altered
the morphology of the tubulin polymer signifi-
cantly at pH values other than 7.0.68

To our knowledge, only two viruses have been
reported to exhibit structural changes in deuterated
water. Assembled poliovirus capsid has been
shown to be protected against heat or high pH-
induced dissociation by 2H2O and MgCl2.69 Also,
the polymerization of the tobacco mosaic virus
protein is promoted and stabilized by 2H2O.70

However, our contrast variation analysis of native
MS2 virus particles showed no evidence of
structural changes related to deuterated solvent,
as determined by the consistent inner and outer
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radii (R1 and R2) values obtained at all contrasts,
except 10% 2H2O, where the RNA dominated the
scattering.38 In 10% 2H2O, the structure of the RNA
is uniquely resolved. But at all other contrasts (or
deuterated water levels), the structure of the coat
protein shell is constant and predominates the
scattering. Likewise, the recombinant MS2-HCV
and MS2-l samples were measured under the same
contrast conditions as WT MS2 and no structural
changes in the protein shell were observed for these
samples. Thus, we have ruled out the possibility
that the effects that we see in solution might be due
to an artifact of the use of deuterated water.

On the other hand, it has been shown that crystal
contacts, or crystal packing, can have an effect on
protein structure.71–74 Such structural differences
have been observed between the basic pancreatic
trypsin inhibitor (BPTI) protein, which forms
crystals of a different type and space group, with
the most variability being associated with loop
structures.72 Such differences can be further
enhanced in solution, in the absence of crystal
contacts. Furthermore, by comparison of the X-ray
and NMR structures of interleukin 8, it was found
that the loop structures in dimers and other higher-
order structures showed larger structural differ-
ences between crystal and solution than did loops
in monomeric forms of the protein.71 It is plausible
that the structural differences we observe between
the crystal and solution structures of MS2 are due to
changes in the more flexible loop regions of the
protein as a result of physical crystal contacts.

To illustrate the potentially flexible regions of the
MS2 protein shell, the crystal structures of the WT
MS2 virus, 2MS2, and A protein-deficient mutant,
1BMS, are shown in Figure 8. Recall that 1BMS is a
version of MS2 that contains a point mutation at a
conserved proline residue that is thought to
interact with the A protein.30,42 The structures are
color-coded according to B-factor, which can be a
measure of the flexibility of the structure. In this
case, the colors, red, green and blue represent
regions of high, medium and low mobility or
Figure 8. Magnified illustration of the crystal structures (a)
red (highest) to blue (lowest). Yellow circles are drawn aroun
circles are drawn around the FG b-loops at one of the quasi 6
flexibility, respectively. Note, that the most flexible
regions of both MS2 structures are the loops that
extend from its surface, followed by the FG b-loop
regions that form the vertices at the 5-fold and
quasi 6-fold regions. Comparing regions in the
circles of similar color in Figure 8(a) and (b), note
the extended green regions in the quasi 6-fold
vertex in 1BMS (green means more mobility, blue is
the least mobility and red is the highest mobility,
which is found only in the surface loops). Also,
note there is some green color in the 5-fold vertex
region of 1BMS that is not there in the 2MS2. These
small differences in the crystal structure can be
enhanced in solution, where there is no crystal
packing effect.

The idea that, in general, the MS2 virus particle
might be flexible could explain why the observed
internal radius of the virus (R1) and even the
external radius or diameter (R2) appear to be larger
in solution for the A protein-containing WT MS2
and MS2-capsid samples, while the shell thickness
remains constant when measured in the solution or
crystalline form. Also, since there is flexibility in the
FG b-loops that make up the 5-fold and quasi 6-fold
vertices, it is possible that the rearrangement of the
protein shell structure that we observe in solution
for the recombinant MS2 samples (which lack the A
protein) is inhibited by crystal contacts in the crystal
structures of similar systems. This would explain
why mutations and even deletions of the FG b-loop
regions that have been shown genetically to be
important for assembly and were originally postu-
lated to have a large effect on the structure of the
MS2 protein shell display only minor changes in
structure when compared to WT MS2 when
examined by crystallography.

Our work described here suggests that the WT
MS2 protein shell is flexible (and by extension that
this inherent flexibility in the virus protein coat
might be increased in the absence of the A protein).
Recently, the mechanical properties of an RNA-free
capsid of the bacteriophage f29 were examined by
scanning force microscopy.75 In these studies, they
2MS2 and (b) 1BMS, colored by temperature factor from
d the FG b-loops at one of the 5-fold axes, whereas white
-fold axes.
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found that, although the f29 capsid is extremely
tough with a Young’s modulus of w1.8 GPa (which
is on the scale of hard plastic), the capsids are
nevertheless extremely flexible. The capsids can be
indented up to 30% of their height while with-
standing nano-Newton forces. Furthermore, they
observed that the elasticity of the protein
shell varied across the surface, presumably reflect-
ing differences in local protein shell arrangement.75

Experiments of this type would shed light on the
magnitude of difference in flexibility that
exists between the WT MS2 and A protein-deficient
recombinant MS2 samples.

Finally, our experiments do not formally rule out
the possibility that salt, glycerol or ionic strength,
and not crystal packing forces, may be responsible
for the compaction of the WT MS2 virus and the
conversion of the structure of the A protein-
deficient coat protein shell from the thick form
found in solution to the thin form observed in the
final crystal structure. In general, the crystals were
grown by vapor diffusion from hanging drops
containing 0.6 mg/ml of MS2 capsids. The typical
solvent conditions used for crystallization are 1.25%
(w/v) polyethylene glycol 8000 in 100–400 mM
sodium phosphate (pH 7.4), 0.02% (w/v) sodium
azide.31,76 The SANS buffer conditions were 10 mM
Tris–HCl (pH 7.0), 100 mM NaCl, 1 mM MgCl2 as
given in Materials and Methods and our concen-
trations were as given in Table 1. Since SANS is a
solution method, it is possible to repeat our
experiments using solvation condition like those
used for crystallization, so that the influence of
solvation can be measured. These experiments are
in progress.

Whatever the mechanism, be it crystal packing or
solvation effects, it is clear that some force is required
to cause the conversion of the A protein-deficient
MS2 samples to undergo the conformational shift
from the thick post-infection (seen in solution) to the
thin (wild-type like pre-infection) protein shell
conformation. We believe this observation is further
evidence in support of the idea that energy is stored
in the MS2 virus coat in the form of tension or strain.
Thus, this work supports the idea that, in addition to
playing a role in RNA packing and host recognition
during infection, the A protein is involved in
organizing the packing arrangement of the protein
shell during assembly and may mediate crucial
conformational changes in the protein shell necess-
ary for the release of the genomic RNA attached to
the inner surface of the virus coat during RNA
ejection. Furthermore, we propose a model that
supports the idea that the presence of the A protein
permits the storage of tension or strain energy in the
virus coat protein shell that is used to provide the
mode of force for RNA ejection.
Materials and Methods

Certain commercial materials, instruments, and equip-
ment are identified here in order to specify the
experimental procedure as completely as possible. In no
case does such identification imply a recommendation or
endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials,
instruments, or equipment identified are necessarily the
best available for the purpose.

Bacteriophage, hosts, and medium

MS2 bacteriophage strain 15597-B1 and its E. coli host
15597 were purchased from the American Type Culture
Center (Manassas, VA). E. coli strain 15597 was grown on
MS2 broth, which contains, per liter: 10 g of Tryptone, 8 g
of NaCl and 1 g of Bacto-yeast. After autoclaving: 10 ml
of sterile 10% (w/v) glucose, 2 ml of 1 M CaCl2 and
10 mg/ml of thiamine hydrochloride were added per
liter.77 WT MS2, MS2-HCV, MS2-l, and MS2-capsid were
stored in TSM buffer (10 mM Tris–HCl (pH 7.0), 100 mM
NaCl, 1 mM MgCl2) unless stated otherwise. MS2 phage
were grown and purified by ultracentrifugation as
described.38 RNA-free MS2 capsids were produced as
described,39 using purified WT MS2 virus as starting
material.

In general, to produce MS2-HCV and MS2-l virus
particles, an expression vector was genetically engineered
to express only the MS2 coat protein and either the HCV
or l RNA sequences.33 Expression of the MS2 coat protein
is followed by the spontaneous assembly and incorpor-
ation of the HCVor l RNA. Note that these virus particles
do not contain the genetic information to encode the A
protein. Therefore, there is no pleiotropic effect associated
with chemical removal of the A protein because the A
protein was never present at any stage of the virus
production or assembly process. Specifically, MS2-HCV
virus particles were produced from the E. coli expression
vector pAR-HCV-2b, which contains a 412 nt sequence
from the 5 0 non-coding core region of HCV subtype2b
(Genbank Accession no. M62321).33 MS2-l virus particles
were produced from the E. coli expression vector pAR-l–
1.0, which contains 908 nt (1329-421) of l sequence
(Genbank Accession no. M17233) (Ambion Diagnostics,
personal communication). Both vectors were generous
gifts from Ambion Diagnostics, Inc. (Austin, TX) and
were grown as described,78 and purified by cesium
gradient ultracentrifugation as described.38 The
measured density of the WT MS2 particles was 1.38(G
0.01) g/cm3, which is the same as the value reported by
Strauss & Sinsheimer.79 The corresponding measured
densities for MS2-capsid, MS2-HCV and MS2-l from
these studies were 1.32(G0.02) g/cm3, 1.36(G0.02) g/cm3

and 1.37(G0.02) g/cm3, respectively.

SDS/PAGE

SDS/PAGE was performed as described.80 Commer-
cially available pre-cast SDS/18% (w/v) polyacrylamide
gels (Tris–glycine gels) for the Novex gel apparatus
system were purchased from Invitrogen (Carlsbad, CA)
and used according to the manufacturer’s instructions.
The Tris–glycine SDS/PAGE running buffer and sample
buffers were either purchased from Invitrogen (Carlsbad,
CA) or made according to the manufacturer’s instruc-
tions. Samples were diluted by 50% (v/v) in 2! Tris–
glycine sample buffer, incubated at 85 8C for 2 min, and
then loaded directly onto the gels. Electrophoresis was
carried out for 2–3 h at 30–40 mA/gel. The gels were
stained in Coomassiwe brilliant blue R250 solution
(Sigma, St. Louis, MO) according to the manufacturer’s
instructions and photographed.



‡ Wick, C. H. (2002). Method and apparatus for
counting submicron sized particles. US patent 6,485,686,
USA; Wick, C. H. (2002). Method and system for detecting
and recording submicron sized particles. US patent
6,491,872, USA.
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SANS measurements

SANS measurements were performed on the 30 m
SANS instruments at the NIST Center for Neutron
Research in Gaithersburg, MD.81 The neutron wave-
length, l, was 6 Å, with a wavelength spread, Dl/l, of
0.15. The neutron intensity at the sample was between
9.8!105 cts/s and 5.3!106 cts/s, depending upon the
instrument configuration. Scattered neutrons were
detected with a 64 cm!64 cm two-dimensional, pos-
ition-sensitive 3He detector, with 128!128 pixels at a
resolution of 0.5 cm/pixel, and CF3 as the stopping gas.82

Raw counts were normalized to a common monitor count
and corrected for empty cell counts, ambient room
background counts and non-uniform detector response.
Data were placed on an absolute scale by normalizing the
scattered intensity to the incident beam flux. Finally,
the data were radially-averaged to produce scattered
intensity, I(Q), versus Q curves, where QZ4psin(q)/l and
2q is the scattering angle. Sample-to-detector distances of
12 m and 2.5 m were used in order to cover the range
0.005 ÅK1%Q%0.17 ÅK1. The scattered intensities from
the samples were then further corrected for buffer
scattering and incoherent scattering from hydrogen in
the samples.

SANS data analysis

The Guinier approximation, I(Q)ZI(0)exp(KQ2Rg
2/3),

was used on the low-Q portions of the data to obtain
initial values for the radius of gyration, Rg, and the
forward scattering intensity, I(0), of the samples. This
analysis is valid only in the region where QRg w1. The
GNOM program,83 which makes use of all of the data,
rather than a limited data set at small Q values, was used
to determine the distance distribution function, P(r), the
radius of gyration, Rg, and the forward scattering
intensity, I(0). This analysis requires the stipulation of a
maximum dimension, Dmax, beyond which P(r)Z0.
Typically, several values of Dmax are explored in order
to find the range over which the P(r) function is stable.
Since all of the data are used, this approach typically leads
to more accurate determinations of Rg and I(0) that are
less influenced by possible aggregation effects.

The MS2-capsid scattered intensity was obtained in
100% 2H2O TSM buffer. The molecular mass, M, of the
MS2-capsid sample was calculated from the forward
scattering, I(0), using the equation:

Ið0Þ Z nðDrVÞ2 (1)

where DrZ(rKrs) is the contrast, or the difference
between the scattering length density of the molecule
(r) and the solvent (rs), n is the number density of MS2-
capsid particles and V is the particle volume. The number
density can be written as:

n Z cNA=M

where c is the concentration, and NA is Avogadro’s
number. The volume can be written as:

V Z M=NAd

where d is the mass density. Now, equation (1) can be
rewritten as:

Ið0Þ

c
Z

ðDrÞ2

NAd2
M (2)

The only unknown parameter in equation (2) is M,
since all other parameters can be measured or calculated.
The I(0) value is generally taken from the GNOM83

analysis of the data. Both c and d can be measured directly
during sample preparation, and Dr can be calculated
from the chemical composition of the sample and solvent.
It is important to note that I(0) must be on an absolute
scale, usually in cmK1, in order to obtain accurate M
values from equation (1) or (2).

Since the WT MS2, MS2-HCV and MS2-l samples
contain both a protein and an RNA component, the
scattered intensities from the coat protein shells were
obtained by decomposition of the scattered intensities from
the protein/RNA complexes as described.38 Specifically,
the scattered intensities from the three MS2 protein/RNA
complexes were decomposed into the scattering from their
components, IPROT(Q) and IRNA(Q) using the equation:

IðQÞ Z Dr2
PROT IPROTðQÞ

CDrPROTDrRNA IPROTRNAðQÞ

CDr2
RNA IRNAðQÞ (3)

The cross-term, IPROTRNA(Q), represents the interfer-
ence function between the protein and RNA components.
The known quantities in equation (1) are DrPROT and
DrRNA, and the unknowns are IPROT(Q), IRNA(Q) and
IPROTRNA(Q). Since measurements were made at five
different contrasts, or 2H2O/H2O buffer conditions, there
is sufficient information to solve for the three unknown
component intensities from the set of simultaneous
equations for I(Q) at each contrast. Only the IPROT(Q)
results are reported here for WT MS2, MS2-HCV and
MS2-l.

The M values of the protein and RNA components of
the MS2 complexes were calculated in a manner similar to
equation (1), using the relation:38

Ið0Þ Z nðDrPROT VPROT CDrRNA VRNAÞ
2 (4)

Equation (4) can be rewritten as:38

Ið0Þ

n

� �1=2

Z
jDrPROTj

NAdPROT

� �
MPROT C

jDrRNAj

NAdRNA

� �
MRNA; (5)

Now, there are only two unknowns, MPROT and MRNA

using VPROTZMPROT/(NA dPROT) and VRNAZMRNA/(NA

dRNA). Note that equation (5) requires that the number
density of particles at each contrast be known indepen-
dent of the measured sample concentration. This is
because the number density itself is a function of
concentration and M, as noted above in equation (2). If
such independent number densities cannot be measured,
then the total M cannot be separated into the MPROT and
MRNA components. However, given an independent
measure of the number densities, the I(0) values obtained
from the GNOM83 analysis of the data for each contrast
are the used, along with the measured number densities,
to solve the set of simultaneous equations in equation (5)
to obtain the M values for the protein and RNA
components separately in the MS2 complexes. Indepen-
dent measurements of number density at each contrast
were obtained for the WT MS2 samples38 using the
Integrated Virus Detection System, a specialized instru-
ment developed for counting virus particles‡.38,84 Similar
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independent number density information is available at
each contrast for MS2-HCV, but not for MS2-l. Thus, we
report only the MPROT results for WT MS2 and MS2-HCV
in this work.

Since MS2 can be approximated very well by a
spherical shell at the resolution level of the SANS
measurements, the data were also fit to a core-shell
sphere model in order to obtain the radii of the protein
shell and the solvent core.23 The neutron-scattering length
density of the core was treated as an additional fitting
parameter that allowed the amount of water, versus RNA,
in the core to be calculated using the relation:

rCORE Z XrRNA C ð1KXÞrSOLVENT (6)

where X is the mass fraction of RNA in the core, rCORE is
the fitted scattering length density of the core portion of
the core-shell model and rRNA and rSOLVENT are the
known scattering length densities of the RNA and the
solvent, respectively. Thus, if there is no RNA in the core,
rCOREZrSOLVENT. The core-shell model fits take into
account the resolution function of the SANS instruments.

For comparison to the various crystal structures of
related icosahedral viruses, model SANS data were
calculated using the program CRYSON.24 These model
data assume perfect instrumental resolution, so they do
not overlap the experimental data exactly. However, they
can be fit to the same core-shell model as the experimental
data, without the correction for the resolution function of
the SANS instruments. Thus, the fitted parameters from
the model SANS intensities can then be compared directly
to those from the measured SANS data.
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